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vABSTRACT
Recent developments in the materials technology have made possible the 
fabrication in dimensions of optical wavelengths. The progress in microfabrication 
techniques have resulted in increasing the requirement of more accurate models for 
understanding the behaviour of electromagnetic radiation in such small structures. 
Numerical simulations provide a low-cost feasibility study enabling one to optimize 
the design before actual device fabrication. Accurate simulations based on reliable 
models provide deep insight into complex phenomena related with optical 
microst.ruct.ures. Micro ring resonators (MRR) are key micro-components for 
powerful communication and computation systems. Free Spectral Range (FSR), full 
width half maximum (FWHM), quality factor (Q) and finesse (F) are significant 
properties that characterize the performance of MRR. This thesis presents the 
modelling of multi-stage ring resonators, Side Coupled Integrated Spaced Sequence 
of Resonators (SCISSORs). The influence of design parameters including number of 
rings, ring radii, center wavelength and coupling coefficients is investigated over 
FSR and FWHM of the output signal in a proposed designed system based on 
SCISSORs. Computational investigations are performed using OptiFDTD (Finite- 
Difference Time-Domain), Matlab (2009a) and OptiWave Software V8.0. Double 
Channel SCISSORs is designed for optical filter application and power at input and 
output ports and circulated optical field within the ring resonator is simulated. The 
2D model structure of SiO2 wafer is designed with refractive index equal to air’s 
refractive index (i.e. 1.00). Design of the system consists of 4 micro-rings and a 
waveguide. The refractive index of waveguide is set to isotropic constant real value 
of 1.54 and no imaginary part. Validity of the model is extensively discussed and the 
transfer function of proposed micro ring resonator system is derived by using 
analytical treatment. The performance of SCISSORs is tested at input amplitudes of 
1 V/m, 5 V/m, 10 V/m and 15 V/m. Power propagation is studied at input 
wavelengths of 1 ,^m, 1.25 .^m, 1.55 .^m, 2.9 .^m and 4.25 .^m which reveals a higher 
signal at Through port than Input port. A symmetric trend in 0.9-1.1 .^m range with a 
higher gain was achieved by amplifying the input signal through SCISSORs. 
Investigations have shown the promise of SCISSORs as an optical filter that can be 
extremely useful in optical communication systems from transmission and security 
point of view.
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ABSTRAK
Perkembangan terkini dalam teknologi bahan telah membolehkan fabrikasi 
dalam dimensi panjang gelombang optik. Kemajuan dalam teknik mikrofabrikasi 
telah menyumbang pada peningkatan keperluan lebih banyak model yang tepat untuk 
memahami sifat radiasi elektromagnet dalam struktur yang lebih kecil. Simulasi 
berangka menyediakan kajian kos rendah boleh dilaksanakan di mana ia 
membolehkan seseorang mengoptimumkan reka bentuk sebelum fabrikasi alat yang 
sebenar. Simulasi yang tepat berdasarkan model yang boleh dipercayai menyediakan 
dalam fenomena kompleks berdasarkan struktur mikro optik. Pengalun cincin mikro 
(MRR) ialah kunci komponen mikro untuk komunikasi yang hebat dan sistem 
pengkomputeran. Julat spektrum bebas (FSR), lebar lengkap separa maksimum 
(FWHM), faktor kualiti (Q) dan finesse (F) adalah ciri penting yang mencirikan 
prestasi MRR. Tesis ini menunjukkan model pelbagai peringkat pengalun cincin, 
Gandingan Sisi Bersepadu Turutan Pengalun (SCISSORs). Pengaruh parameter reka 
bentuk termasuk jumlah cincin, jejari cincin, pusat panjang gelombang dan pekali 
pengganding dikaji bagi FSR dan FWHM isyarat keluar dalam rekaan sistem yang 
dicadangkan berdasarkan SCISSORs. Kajian pengkomputeran dilaksanakan 
menggunakan OptiFDTD (Pembezaan Terhingga Domain Masa), Matlab (2009a) 
dan Perisian Optiwave V8.0. SCISSORs dua alur direka bagi aplikasi penapis optik 
dan kuasa pada port masuk dan keluar dan medan optik beredar dalam lingkungan 
cincin pengalun disimulasikan. Struktur model 2D bagi wafer SiO2 direka dengan 
indeks biasan menyamai indeks biasan udara (i.i 1.00). Reka bentuk sistem 
mengandungi 4 cincin mikro dan satu pandu gelombang. Indeks biasan pandu 
gelombang ditetapkan pada nilai nyata tetap isotropik 1.54 dan tiada bahagian 
khayalan. Kesahihan model dibincangkan dengan meluas dan fungsi pemindahan 
sistem pengalun cincin mikro yang dicadangkan diperolehi menggunakan rawatan 
analisis. Prestasi SCISSORs diuji pada input amplitud 1 V/m, 5 V/m, 10 V/m dan 15 
V/m. Perambatan kuasa dikaji pada panjang gelombang input 1 .^m, 1.25 .^m, 1.55 
.^m, 2.9 .^m dan 4.25 .^m di mana memperlihatkan isyarat yang lebih besar pada port 
laluan berbanding port masukan. Trend yang simetri dalam julat 0.9 -  1.1 .^m 
dengan gandaan yang lebih tinggi dicapai dengan menggandakan isyarat input 
melalui SCISSORs. Kajian menunjukkan kemampuan SCISSORs sebagai salah satu 
penapis optik yang amat berguna di dalam sistem komunikasi optik dari aspek 
penghantaran dan keselamatan.
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CHAPTER 1
INTRODUCTION
1.1. Introduction
Silicon microphotonics technology opens up new possibilities for the 
realization of diverse photonic devices and components required for advanced optical 
communication systems. One of the key building blocks developed on silicon-on- 
insulator (SOI) platform is the optical micro-ring resonator. Ring resonator is the 
most widespread single mode cavity. A generic ring resonator consists of an optical 
waveguide which is looped back on itself, such that a sharp resonance occurs when 
the optical path length of the resonator is exactly a whole number of wavelengths. 
Ring resonators therefore support multiple resonances, and the spacing between these
2resonances, the free spectral range (FSR), depends on the resonator optical length. A 
large FSR means small bends that in turn force to have high optical confinement. 
The SOI platform having tight waveguide geometries ensures such high confinement. 
Usually, ring resonators are coupled with a bus by the co-directional evanescent coupling 
method. The transmission spectrum of the bus waveguide with a single ring resonator will 
show dips around the ring resonances. In this way, the ring resonator behaves as a spectral 
optical filter [1].
Silicon microresonator-based optical filters have garnered significant 
attention due to key merits of demonstrated filtering performance. The 
microresonator confines light at a discrete set of wavelengths, which are determined 
by the cavity resonance condition.
Compared with single-element microresonators, cascaded microresonators 
exhibit broadband transmission spectra rather than sharp resonances. One of them is 
the SCISSORs. It is an acronym for side-coupled integrated spaced sequence of 
optical resonators. As the name implies, it is a series of ring resonators that are 
coupled to one or both bus waveguides. It is then called single channel (SC-) or dual 
channel (DC-) SCISSORs respectively. The concept of SCISSORs was first 
introduced to study the large dispersion and slow light properties [2, 3, 4]. These 
structures are also referred to as slow-wave structure due to the induced reduction of 
the propagating velocity. SCISSORs exhibit two types of stop bands also known as 
the band gaps. The resonator bandgaps occur when the optical path of the resonators 
is an integer multiple of the wavelength. The Bragg bandgaps arises when the Bragg 
condition is satisfied. This happen when the optical path of the back-reflected light 
is an integer multiple of the wavelength. This lends SCISSORs to various types of 
bandgap engineering [5, 6]. A particularly interesting SCISSORs configuration 
arises when the two bandgaps overlap. This gives rise to a high order flat band pass 
filter whose properties depend on the number of parallel side coupled resonators. 
SCISSORs are of interest for their unique property of conveying almost all the 
optical power in the drop port due to cascading effect of resonators even when the 
single resonator is not critically coupled to the bus waveguide. This band
3engineering and power optimization makes the cascading of several resonators in 
SCISSORs structures of importance for filtering applications [3].
The SCISSORs configuration is similar to a Bragg grating. Each ring 
behaves as a frequency dependent ridges in the grating. The main advantage is that 
the rings are frequency dependent. It also shows a high reflectivity at the resonance 
of the drop port instead of the small reflectivity achieved with a grating. Hence the 
in-band response can be obtained with a relatively small number of ring resonators 
[7].
SCISSORs help to to create slow light modes and mold the light flow. Their 
strong dispersion allows the engineering of their optical properties. This is possible 
by the coupling between waveguides and resonators and by the number and spacings 
of resonators. In system like DC- SCISSORs, there are two kinds of photonic bands. 
These are the resonator band (RB) and the Bragg band (BB) which satisfies the 
independent resonance condition. The spectral positions of RB and BB are 
determined independently by the optical paths of the microring and their spacings, 
respectively. The two bands are coincident in the entire spectral response if the 
optical length of the side-coupled waveguide from center-to-center of adjacent rings 
is half that of a microring circumference under coherence condition. But the two 
bands can occur at different resonance wavelengths if their respective optical paths 
are slightly different when it is out of coherence. Due to index dispersion, they may 
be nearly coincident for few bands but tend to separate with either increase or 
decrease in their band-orders [7, 8, 9, 10].
1.2. Problem Statement
This thesis will focus on the mathematical formulation, design, modelling 
aspect of SCISSORs for filtering of optical signals, investigating novel concepts 
based on side coupled resonators to achieve large bandwidth by multiple cascading 
and or multiple coupling effects. This section will describe some of the present 
challenges and opportunities usually neglected in purely theoretical or modelling
4approaches necessary for the modelling, design of passive micro ring resonators and 
SCISSORs devices.
The add-drop filtering structure (ADF) is one of the simplest micro ring 
configurations which have been studied. Coupled micro rings devices have 
interesting applications beyond filtering and telecommunications. However, from 
the practical point of view in optical telecommunications, the single micro ring add- 
drop configuration exhibits several deficiencies. The spectral response of a single 
add-drop configuration is periodic. Hence as an optical filter it is unable to isolate a 
single frequency band but rather a set of bands which are separated by the FSR of 
the micro ring. For optical applications, it is desired that the filter shape would 
exhibit a flat-top, sufficiently wide, profile and high extinction ratio. The single 
micro ring filter, on the other hand, possesses a Lorentzian line-shape which is 
inappropriate for data transmission. In addition, extending the filter bandwidth 
requires larger coupling coefficients. This in turn, significantly reduces the 
extinction ratio of the filter. In order to resolve some of these deficiencies, multiple- 
micro ring configurations can be applied. Multiple micro ring filters can be realized 
by cascading single micro ring add-drop filters or by coupling the micro rings 
directly. A specific topic of interest and important in this area of research is the 
cascading several micro rings known as SCISSORs and PANDA configurations. 
These structures exhibit slow group velocity and provide an attractive approach for 
the realization of conventional optical filters. The performance of one-, two-, four- 
SCISSORs are explored using the design parameters including the number of micro 
rings, the ring radii, the amplitude inputs in terms of the transmission spectrum at the 
respective ports by the OptiWave FDTD software. By cascading several micro rings 
it is possible to achieve a flat-top profile, the desired bandwidth and the extinction 
ratio. Consequently, only frequencies which are in resonance with all micro rings 
comprising the filter are passed instead of multiple bands. The employment of 
micro rings with different radii effectively increases the FSR of the device providing 
it with a single transmission range within the telecommunication band. Different 
resonances of the individual micro rings can be combined to achieve a transmission 
band across the complete band.
5Most of the modelling in literature rely on approximations and simplified 
assumptions which depart from the real physical properties of the resonator. Within 
certain limits this idealization is justified since it leads to the qualitative 
understanding of the device behaviour. But with increasing integration densities, 
resonators have smaller bend radiuses and small coupling gaps. This implies that 
one cannot neglect in the modelling effects such as coupling losses, effective index 
differences and modal mismatches between the straight and bend waveguides. For a 
radius of curvature smaller than R < 5^m  in a SOI system, the traditional algorithms 
furnish very rough estimates of the optical response of microresonators, especially 
for some high-order filtering applications. Moreover, the situation gets worse for 
devices based on sequences of microresonator in SCISSORs devices.
Thus it is hoped that by addressing this problem statement, we will be able 
to describe accurately the SCISSORs in order to enhance design technique of 
complex optical systems which can tackle, at least partially future fabrication, 
tolerances, narrowing the gap between models and real devices.
1.3 Objectives of Study
The general objective of this research is to design, model and simulate the 
structure of double channel side-coupled integrated spaced sequences of optical 
resonators for signal filtering.
The specific objectives of this study are to:
• Develop the mathematical formulation for deriving the spectral response at the 
through and drop ports of the SCISSORs based on the couple mode theory and 
matrix formalism,
• Simulate, develop, modify and optimize different SCISSORs configuration 
using OptiWave FDTD software Version 8.0 and Matlab software version 
R2009a,
6• Parameterize and determine the role of number of rings,ring radii insertion 
loss, free spectral range, full width half maximum, finesse, quality factor, on- 
off ratio, shape factor, phase shift, group delay and on the spectrum and 
operating regimes at the through port and drop port for SCISSORs,
• Obtain and determine the optical filtering characteristics of the transmission 
peaks and trough for double channel SCISSORs and
• Optimize and analyse the performance of SCISSORs for optical filtering.
1.4 Scope of Study
In order to meet the objectives of this research, the scope of this work has 
been fulfilled through the following key milestones: First, a review on modeling and 
experiment work of optical filtering of ring resonators and SCISSORs have been 
undertaken. In this study the SCISSORs and PANDA configurations with the add- 
drop as unit cell are investigated for filtering applications. Second the couple mode 
equations including the matrix formalism governing the spectral response at the 
through and drop ports of the SCISSORs are derived. Two numerical methods are 
used in the modelling formulation which are the Bloch Matrix Formalism and 
Scattering Matrix equations. The simulation is performed by using Matlab software 
version R2009a. The Finite Difference Time Domain OptiFDTD Photonics 
Simulation Software Version 8.0 is used for analyzing electromagnetic wave 
scattering and radiation of the waveguide in the ring structure. Develop FDTD 
simulation of MRRs. Numerical assessment of SCISSORs through comparison with 
results in literature. Modeling the performance of SCISSORs.
This work was conducted for different structure of resonators which are the 
single ring with single bus waveguide, double ring with single bus waveguide, four 
single rings with single bus waveguide, the double channel SCISSORs and PANDA 
ring resonators. Mathematical formulation is developed and derived analytically 
based on proposed design of the SCISSORs. This research is devoted only to the
7theoretical, numerical and simulation aspects of SCISSORs configuration which will 
be useful to realize proposed applications experimentally in the future.
1.5 Significance of Study
The ring resonator is an optical waveguide that forms a ring shaped structure 
whose circumference is in the range of tens of hundreds microns. Light in this 
manner can be coupled into and out of this structure by placing it in close proximity 
between another two straight waveguides. It forms the basis for SCISSORs. The 
goal and novelty of this research work has been focused on the design, modeling and 
simulation of the structure of double channel side-coupled integrated spaced 
sequences of optical resonators for signal filtering.
The new contributions to the body of knowledge will be as follows:
• An attempt is made on deriving the governing equations for SCISSORs from 
the couple mode theory, Bloch matrix formalism, scattering matrix in 
obtaining the filtering transmission spectral response. These equations form 
the basis of describing the cascaded coupled micro ring resonators.
• A model for SCISSORs have been developed. The model can enhance the 
design of complex silicon microphotonics for numerous applications in 
optical filtering and narrowing the gap between modelled and real 
parameters.
• The ADF configuration in a SCISSORs is able to perform optical filtering.
• Provide the underlying physics of cascaded parallel coupled ring resonators- 
SCISSORs as add-drop optical filters.
8• This research is of relevance and benefit in the field of silicon 
microphotonics. It provides the conceptual framework, analytical aspects 
and the physics of the structures proposed in order to lay a theoretical 
foundation for those who will design and fabricate real SCISSORs or other 
coupled devices.
• The design and simulation plays a crucial role in the development of 
SCISSOR devices. The design of such devices can become much more 
efficient with the aid of this modeling tool. Excellent designs model gives 
good filtering performance and compactness leading probably to the cost 
effective product development. This accurate and comprehensive model can 
be used to explore a detailed study of the SCISSORs in the future. 
Technological applications such as the dynamic add/drop device will provide 
better control and reproducibility of filter characteristics in designs that are 
increasingly complex
1.6 Thesis Outline
In this chapter, the parallel cascaded coupled micro ring resonators known as 
SCISSORs are explored from a bird’s-eye view, identifying the research challenges 
as described in the problem statement. It describes the basic physics of optical ring 
resonator, it’s relation to SCISSORs.
The thesis is organized as follows. Chapter 2 gives a critical analysis on the 
review of SCISSORs from the perspective of optical filtering in modeling and 
experiments.
Chapter 3 describes the mathematical derivation of the couple mode 
equations and matrix formalism for obtaining the spectral response at the through 
and drop ports of the SCISSORs. In this chapter the theoretical derivation of the 
side-coupled integrated spaced sequence of resonators (SCISSORs) with the optical 
micro-ring resonators as the unit cell are developed with emphasis on realization of
9the filtering optical functionality. First, the basic of coupled mode theory (CMT) is 
introduced. A full description of the micro ring resonators needs an improved 
understanding of the behaviour of its constituent parts. Thus an introduction to the 
application of the theory micro ring resonators is given and outlines its main physical 
properties which are necessary to understand when they appear in chains of mutually 
interacting fundamental components in a larger system. After a brief theoretical 
introduction on the behaviour of add-drop filters, we will discuss the dispersion law 
of the straight waveguide, the characterization of curved waveguides and the 
influence of the bending on the refractive index. Also the determination of bending 
losses, the calculation of the coupling coefficients and length are made. We will use 
these data for a model of the single ring resonator. A final comparison among the 
proposed model, an idealized one, and experimental measurements will br made for 
model validation.
Chapter 4 describes research methodology focusing on methods that are 
involved in this study such as the theory related with the mathematical solutions and 
also the methods that have been used in executing the mathematical modelling and 
simulation for the SCISSORs.
Chapter 5 describes the results of simulation of power distribution in Side 
Coupled Integrated Spaced Sequences of Resonators (SCISSORs). The discussion 
have been divided into four parts which covers the power calculation in SCISSORs, 
designing the structure of a Double Channel SCISSORs using OptiFDTD Photonics 
Simulation Software Version 8.0, simulation of power amplification in different ring 
resonator structure and effect of input amplitude to power distribution in SCISSORs. 
The simulation results obtained to the SCISSORs will then be benchmarked with 
published experimental data.
Chapter 6 concludes the thesis and provides the basis for further work.
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